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The fibulins represent a novel family of extracellular
matrix proteins. We report the temporo-spatial expres-
sion of fibulin-2 in skin regenerating from keratinocyte
autografts. In normal dermis, fibulin-2 was associated
with the fibrillin-containing microfibrillar apparatus,
except for the portion immediately adjacent to the
dermo–epidermal junction. In contrast, early regener-
ating dermis showed numerous fusiform fibrillin-
microfibrils along the basement membrane, whereas
fibulin-2 was present in a distinct and separate layer
below. Both proteins formed independent fibrillar
systems also in the reticular dermis without significant
colocalization; however, over time both fibril systems
became congruent: after 4 mo there was extensive
colocalization of fibulin-2/fibrillin in the reticular
dermis, after 17 and 24 mo this also occurred in
the papillary dermis. Simultaneous visualization of
Elastic microfibrils of 10–12 nm diameter are extracellularaggregates, that alone or in association with elastinconfer critical biomechanical properties on a widevariety of tissues and organ systems (Rosenbloom et al,1993). The microfibrillar apparatus of the skin consists
of a horizontal elastin containing system in the reticular dermis that
is connected to the dermo–epidermal junction (DEJ) by a vertical
system in the papillary dermis, which is only partly covered with
elastin. Recent observations in skin regenerating from cultured
keratinocyte autografts demonstrated that microfibrils are generated
at the DEJ, traverse the prospective papillary dermis, and finally
fuse with an independently formed horizontal microfibrillar web
of the prospective reticular dermis (Raghunath et al, 1996). Only
about 1.5 y after grafting are major parts of the regenerated
microfibrillar apparatus coated with elastin. Little is known about
the composition, assembly, and organization of elastic microfibrils.
The best characterized and major components are fibrillins 1 and
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fibulin-2 and fibronectin revealed an inverse pattern:
complete colocalization at 7 d and discordant distribu-
tion 17–24 mo after grafting. In particular, the fibrillar
fibronectin pattern at early time points changed into
a faint granular distribution throughout the dermis
and along the subbasement membrane region as in
normal skin. Dermal fibroblast cultures showed that
fibrillin and fibronectin participated in distinct fibrillar
systems; however, fibulin-2 colocalized with either
protein. We propose that, in regenerating skin,
fibulin-2 is a late component of the cutaneous micro-
fibrillar apparatus with an earlier existence in a fibrillar
matrix mediated by fibronectin. This suggests inter-
action of fibulin-2 with both fibronectin fibrils and
fibrillin microfibrils, and is consistent with in vitro
binding data. Key words: autografts/burns/extracellular
matrix. J Invest Dermatol 112:97–101, 1999
2, which are found in many tissues; they either form distinct
structures or are intimately associated with elastin as part of the
elastic fiber system (Ramirez, 1996).
The fibulins represent a novel family of extracellular matrix
proteins of which two members, fibulin-1 and fibulin-2, have so
far been identified and sequenced (Argraves et al, 1990; Pan et al,
1993a, b; Zhang et al, 1994). Like fibrillins, fibulins contain long
tandem arrays of epidermal growth factor-like modules with a
consensus sequence for calcium-binding (Campbell and Bork,
1993). Fibulin-2 has been demonstrated in embryonic and adult
tissues. These included – in particular blood vessels and endocardial
tissues – regions rich in elastin and some basement membranes, but
also bone-forming and neural tissues (Pan et al, 1993b; Zhang et al,
1995, 1996; Miosge et al, 1996; Reinhardt et al, 1996a). Fibulin-2
was also shown to be highly sensitive to various matrix metallo-
proteinases (Sasaki et al, 1996a) and to be upregulated during
wound repair (Fa¨ssler et al, 1996), indicating a strong involvement
in tissue remodelling. Binding studies in vitro demonstrated distinct
affinites of fibulin-2 for the basement membrane components
nidogen, perlecan, and collagen IV. In vitro, fibulin-2 binds with
distinct affinities to fibronectin and fibrillin-1 (Sasaki et al, 1995;
Reinhardt et al, 1996a), both of which are known to form
microfibrillar structures in the extracellular space. Furthermore,
fibulin-2 was colocalized by immunoelectron microscopy to
fibronectin fibrils in fibroblast cultures and to some, but not all
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fibrillin-containing microfibrils (Sasaki et al, 1996b; Reinhardt et al,
1996a). According to a recent model, fibulin-2 forms a disulfide-
bonded anti-parallel dimer with a remarkable variability in shape
(Sasaki et al, 1997). In addition, the elongated structure of fibulin-2
makes it an ideal candidate for associations with fibrillar extracellular
matrix structures. The currently still tentative models for micro-
fibrillar systems formed by fibronectin (Hynes, 1990) and fibrillin-1
(Reinhardt et al, 1996b; Qian and Glanville, 1997), respectively,
would allow for complete or partial accomodation of fibulin-2
dimers with both microfibrillar systems (Sasaki et al, 1997).
On this background we wanted to know whether fibulin-2 is a
genuine component of both fibronectin and fibrillin-containing
microfibrils in skin regenerating from keratinocyte autografts in
severely burned children. This unique wound healing model has
recently helped to elucidate the morphogenesis of the cutaneous
microfibrillar apparatus (Raghunath et al, 1996). Our data suggest
that the fibulin-2 distribution switches from an early association
with fibronectin fibrils to extensive association with the fibrillin-
containing microfibrillar apparatus at a late morphogenetic stage of
the skin.
MATERIALS AND METHODS
Tissue specimens Skin biopies from normal adult volunteers and
pediatric burn patients treated with cultured epithelial autografts were used
as reported elsewhere (Raghunath et al, 1996). Autografts were prepared
from scalp biopsies by a commercial laboratory (Biosurface Technology,
Boston, MA). For histologic follow up after grafting, 4 mm punch biopsies
were taken under general or local anesthesia after informed consent of the
patients/parents. Biopsies were obtained 1 wk, 2 wk, 3–4 wk, 1 mo, 2
mo, 4–5 mo, 17 mo, and 24 mo after transplantation.
Indirect immunofluorescence microscopy Five micrometer cryostat
sections were fixed in acetone at –20°C for 10 min and air dried.
Nonspecific binding sites were blocked by a 30 min incubation at room
temperature in phosphate-buffered saline, pH 7.35, containing 1% bovine
serum albumin and 5% of normal swine serum/5% normal goat serum
(both Dako, Glostrup, Denmark). The sections were then incubated with
a mixture of a 1:100 dilution of a rabbit anti-serum to human fibulin-2
(Sasaki et al, 1995) and a 1:20 dilution of monoclonal antibody 69 specific
for the PF3 fragment of fibrillin-1 (Maddox et al, 1989). Paralell sections
were incubated with a mixture of anti-fibulin-2 and a mouse monoclonal
antibody against fibronectin (Sigma, St. Louis, MO) diluted 1:100. After
incubation overnight at 7°C and three washes in phosphate-buffered saline,
sections were incubated with a mixture of swine anti-rabbit-FITC (Dako)
1:30 and goat anti-mouse-Texas Red (Jackson Immunoresearch, West
Grove, PA) 1:50 for 1 h at room temperature. For the analyses of cell
cultures normal dermal fibroblasts were seeded at a density of 106 cells per
35 mm dish on glass coverslips and grown for at least 72 h. The
hyperconfluent cultures were fixed for 10 min in absolute methanol
at –20°C and air dried. Blocking of nonspecific binding and double
immunostaining of extracellular matrix components was carried out as
described above. Tissue and cell preparations were mounted in Mowiol
(Hoechst, Frankfurt-Hoechst, Germany), prepared in phosphate-buffered
saline, and examined using a LSM 410 invert device (Carl Zeiss, Oberk-
ochen, Germany) combined with two HeNe lasers (543/633 nm) and an
argon laser (488 nm) for multicolor fluorescence. A 40-fold oil immersion
objective (numerical aperture 1.3) was employed. Extended focus views
(10 3 0.6 µm) were obtained with identical scanning settings.
RESULTS
Fibulin-2 is associated with a major portion of the micro-
fibrillar apparatus in normal skin Fibrillin-1 was abundantly
present on microfibrils running from the DEJ into the reticular
dermis (Fig 1a, b). In contrast, fibulin-2 colocalized extensively
but not completely with fibrillin-1 on the microbrillar apparatus
in the papillary dermis; it was particularly sparse or absent in the
immediate vicinity of the DEJ. In the deeper dermis, however,
there was complete colocalization and brilliant immunostaining for
both fibrillin-1 and fibulin-2 on elastic fibrils (Fig 1a, b).
Fibulin-2 appears differentially in papillary and reticular
neodermis Regenerating skin showed that fibrillin-1 and
fibulin-2 initially belong to different fibril systems. This was obvious
Figure 1. Fibulin-2 is associated with the cutaneous microfibrillar
apparatus. Confocal laser scanning analysis of fibrillin (red fluorescence)
and fibulin-2 (green fluorescence) distribution in normal and regenerating
skin. Each image represents superimposed extended focus views calculated
from 10 section planes as obtained with both excitation wave lengths.
Normal skin (a and b): extensive colocalization of fibrillin and fibulin-2
on the cutaneous microfibrillar apparatus as evidenced by yellow mix color.
The region where microfibrils inserts into the DEJ does not contain
fibulin-2. (b) Transversal section of a papilla. (c–f) Skin regenerating from
keratinocyte autografts after 7 d (c), 5 mo (d), 17 mo (e), and 24 mo (f)
shows substantial colocalization of both proteins on elastic microfibrils only
after 5 mo in the reticular dermis and only after 17 mo in the papillary
dermis. The tips of microfibrils inserting into the DEJ do not show fibulin-
2 immunostaining. Scale bar: 100 µm.
with the papillary part of the microfibrillar apparatus (Fig 1c, d).
Starting with day 7, fibrillin-1 was present in granular aggregates
or fusiform fibrils in the fibroblastic infiltrate of the neodermis
along the DEJ. Fibulin-2 was not detected in this zone, but
immediately below it (Fig 1c). Four weeks after grafting a con-
tinuous fibrillin-1-positive band appeared along the DEJ and
individual fusiform microfibrils became evident with a beginning
horizontal orientation in the reticular neodermis (data not shown).
The fibulin-2 immunoreactivity still started below this zone and
extended into the deep dermis on fibrillar structures that were
distinct from fibrillin-containing structures (not shown); however,
4–5 mo after grafting fibulin-2 was identified the first time on
horizontal fibrillin-containing microfibrils and on single micro-
fibrillar bundles running into the DEJ, which as such was negative
for fibulin-2 (Fig 1d). After 17–24 mo fibulin-2 was regularly
present on perpendicular fibrillin-containing microfibrils (Fig 1e,
f); however, the tips of microfibrils radiating into the DEJ were
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Figure 2. Fibulin-2 is associated with fibronectin in the early
regenerating skin. Confocal laser scanning analysis of fibronectin (red
fluorescence) and fibulin-2 (green fluorescence) distribution in normal and
regenerating skin. Acquisition of data as given in Fig 1. (a) Normal skin:
only weak staining for fibronectin in a granular distribution along the DEJ,
which does not colocalize with fibulin-2-positive microfibrils. (b) Seven days
after grafting, however, fibronectin expression is markedly enhanced
showing extensive colocalization with fibulin-2 as evidenced by bright
yellow mix color. The open arrowheads designate a zone directly below the
basal keratinocytes that is negative for both fibronectin and fibulin-2. This
area contains fibrillin (compare Fig 1c). (c) Two months after grafting the
fibronectin signal recedes, but still shows extensive colocalization with
fibulin-2; (d) after 17 mo colocalization of fibronectin and fibulin-2 is
further reduced, but shows major overlap at the perivascular matrix in the
deeper dermis. The staining pattern of the papillary dermis is now
comparable with normal skin. Note that the distribution of fibulin-2 does
not delineate the DEJ, but a zone below it. Scale bar: 50 µm.
still free of fibulin-2 (Fig 1e, f), a finding similar to normal skin
(Fig 1a, b).
Fibulin-2 colocalizes with fibronectin only in early regenerat-
ing and not in normal skin Because fibulin-2 has been recently
shown to bind to fibronectin (Sasaki et al, 1995), we performed
double immunofluorescence confocal laser scanning analyses for
fibulin-2 and fibronectin. In normal and late stage regenerating
skin (17 m) we observed only sparse and granular staining for
fibronectin along the DEJ and around capillaries (Fig 2a, d). In
contrast, 7 d after grafting there was massive expression of fibro-
nectin throughout the neoepidermis and extensive colocalization
with fibulin-2 (Fig 2b); however, a narrow corridor immediately
below the DEJ was devoid of both antigens. This was consistent
with our preceding findings that this space is occupied by fibrillin-
1 alone (compare with Fig 1). Two months after grafting the
fibronectin signal vanished in the reticular dermis but still colocalized
well with fibulin-2 in the papillary dermis (Fig 2c). Seventeen
months after grafting the distribution and staining intensity for both
antigens were comparable with normal papillary dermis (Fig 2d),
whereas the reticular dermis still contained fibronectin-positive
foci, mainly around blood vessels. Here, some limited colocalization
with fibulin-2 was evident. Immunostaining similar to normal skin
was found twenty-four months after grafting (data not shown).
Fibulin-2 colocalizes in fibroblast culture with both
fibronectin and fibrillin-1-microfibrils Hyperconfluent
dermal fibroblast cultures were analyzed by double staining to assess
Figure 3. Fibulin-2 is associated with fibrillin-microfibrils in
fibroblast culture. Distribution of fibulin-2 (green immunofluorescence)
and fibrillin (red immunofluorescence) on a microfibrillar network
deposited by hyperconfluent dermal fibroblasts. Parts (a)–(f) show six of
24 superimposed confocal images obtained during a vertical Z-scan starting
at the fibroblast layer. The distance between each section is 1.2 µm.
Fibulin-2 is present in the pericellular matrix (a–c), whereas fibrillin is
predominantly found on top of this layer (d, f). There is, however, a
transition zone (d, e) as evidenced by the yellow mix color. Scale bar: 10 µm.
the extent of colocalization of fibronectin/fibulin-2 and fibrillin/
fibulin-2, respectively. The hyperconfluent dermal fibroblast cul-
tures deposited a characteristic meshwork of fibrillin-positive micro-
fibrils (Fig 3), as well as a rich pericellular fibronectin-fibril network
(Fig 4). Double immunofluorescence labelling of fibrillin and
fibronectin epitopes revealed a remarkably distinct vertical distribu-
tion in a 3 µm zone starting at the fibroblast surface. Fibronectin
was mainly found in the pericellular matrix at distance zero to
2.1 µm from the fibroblast surface, whereas fibrillin was not
detectable in this region. Fibrillin-microfibrils in turn, were found
mainly on top of the fibronectin layer (not shown). Also the fibril
pattern and texture of fibronectin and fibrillin fibrils was different
(Fig 3, 4). Fibulin-2 colocalized extensively with both fibrillin
(Fig 3) and fibronectin (Fig 4).
DISCUSSION
We describe here the distribution of fibulin-2 on elastic microfibrils
during the morphogenetic stages of newly forming skin after
keratinocyte autografting. Our data point to a prominent expression
of fibulin-2 in the entire dermis except for the DEJ. This is
principally consistent with earlier observations of a temporally
restricted upregulation of fibulin-2 expression in full-thickness
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Figure 4. Fibulin-2 is also present on fibronectin fibrils in fibroblast
culture. Distribution of fibulin-2 (green immunofluorescence) and
fibronectin (red immunofluorescence) on the extracellular matrix deposited
by hyperconfluent dermal fibroblasts. Parts (a)–(d) show four of 24
superimposed confocal images obtained during a vertical Z-scan starting at
the fibroblast layer. The distance between each section is 1.2 µm. (a, b)
Abundant presence of fibulin-2 in the pericellular matrix and extensive
colocalization with fibronectin fibrils as evidenced by the yellow mix color;
(c, d) constant colocalization of both antigens in greater distance to the
fibroblast surface. Compare the different texture of the fibronectin matrix
with that of the fibrillin-microfibril meshwork in Fig 3. Scale bar: 10 µm.
excisional wounds in mice (Fa¨ssler et al, 1996). In this regard,
regenerating skin as a unique wound healing model allowed us to
monitor the development of the microfibrillar apparatus and to
localize fibulin-2 to this extracellular matrix structure. We observed
a remarkable switch of fibulin-2 association with the fibronectin
fibril system in the early regenerative state to the fibrillin-microfibril
system in the more mature state. Due to the sampling protocol we
probably missed an intermediate state of association of fibulin-2
with both fibronectin and fibrillin. In fibroblast cultures, however,
we could appreciate such an intermediate state. By confocal laster
scanning microsopy it was possible to distinguish between a
pericellular fibronectin fibril system and a separate layer of fibrillin
containing microfibrils. Here, we observed a simultaneous associ-
ation of fibulin-2 to fibronectin and fibrillin containing fibrils.
Fibulin-2 has been previously shown to have mainly a rod-like
structure of 70–80 nm length due to the anti-parallel association
of two monomers into a disulfide-linked dimer (Sasaki et al, 1997).
This length is in good agreement with a similar periodicity supposed
to exist in microfibrils formed from either fibronectin (Hynes,
1990) or fibrillin (Reinhardt et al, 1996b), and could indicate
heterotypic associations in a lateral fashion. Such potential inter-
actions are supported by in vitro binding studies that demonstrated
distinct affinities of fibulin-2 for both fibrillin and fibronectin
(Sasaki et al, 1995; Reinhardt et al, 1996a). The potential interaction
sites for fibrillin and fibronectin have so far not been located to
particular domains of fibulin-2 and it thus remains open whether
they are mutually exclusive or would allow the formation of ternary
complexes. The latter possilibility seems less likely based on our
immunohistologic data. It is also unclear whether the temporal
switch in the association of fibulin-2 during skin regeneration
depends on structural changes of fibulin-2. Such changes were in
fact indicated by electron microscopy, which demonstrate for
fibulin-2 not only rod-like but also three- and four-arm structures
(Sasaki et al, 1997). The latter are considererd to be caused by
disruption of internal associations within fibulin-2 dimers that may
generate new binding properties. The data described here may
therefore provide a challenge to correlate this structural polymorph-
ism to potential molecular association patterns. At this point we
cannot exclude that fibulin-2 might form a fibril system on its
own. Our data suggest that fibulin-2 is a microfibril-associated
protein rather than an intregral structural component of microfibrils.
In fact, fibulin-2 can be released from the extracellular matrix of
fibroblast cultures simply by ethylenediamine tetraacetic acid (Sasaki
et al, 1996b), which indicates non-covalent interactions and does
not suggest a function in the inital assembly of a fibrillin-micro-
fibril network.
Elastin associates first with fibrillin-1 containing microfibrils of
the reticular dermis at 4–5 mo after grafting, and on the papillary
microfibrillar apparatus only after 17 mo, while sparing the micro-
fibrillar tips inserting into the DEJ (Raghunath et al, 1996).
Following much earlier expression and the transitory association
with fibronectin, fibulin-2 is also present 4–5 mo after grafting on
microfibrils of the reticular dermis, but additionally also on some
microfibrillar bundles traversing the papillary dermis. Thus, the
association of fibulin-2 with the microfibrillar apparatus appears to
precede that of elastin. We therefore propose that fibulin-2 plays a
role in the formation of elastic fibers. Although the direct binding of
fibulin-2 to elastin remains to be shown, ultrastructural observations
localize fibulin-2 to dermal microfibrils at the periphery of elastic
fibrils close to the intersections of microfibrils and elastin (Reinhardt
et al, 1996a). Remarkably, the suspensory ligament of the eye
that consists of elastin-free fibrillin-microfibrils does not contain
fibulin-2 either (unpublished data, Reinhardt et al, 1996a). In
contrast, the related isoform fibulin-1 was found in the core of
dermal elastic fibers, but not at peripheral microfibrils (Roark et al,
1995). This is consistent with the lack of interactions between
fibrillin and fibulin-1 as shown by in vitro binding studies (Reinhardt
et al, 1996a). The presence of fibulin-1 in the suspensory ligament
remains to be established.
Our study provides evidence that fibulin-2 is a versatile and
dynamic component of dermal architecture. Similar studies are
required to outline its dual binding role during embryonic develop-
ment and wound healing. It will be interesting to examine these
spatial and temporal association patterns for heritable connective
tissue disorders that involve elastic fibers such as pseudoxanthoma
elasticum (Uitto et al, 1991) and Marfan syndrome (Ramirez, 1996).
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